Introduction
Wide-azimuth (WAZ) data has been acquired in most of the deep water blocks in the GOM. Combining WAZ data with existing sets of narrow azimuth data provides abundant azimuthal information for deriving the parameters of a tilted orthorhombic model. Compared with isotropic and vertical transverse isotropic imaging, TTI pre-stack depth imaging generally provides flatter common image gathers (CIGs) for WAZ data, improves image focusing, and significantly reduces well/seismic mis-ties (Huang et al., 2008) . However, the presence of significant tectonic stresses or uneven stresses can cause fractures in thin-bed layers, which results in a directional velocity variation for seismic wave propagation, or azimuthal anisotropy (Lynn and Michelena, 2011) . In these cases, the transverse isotropic assumption is insufficient to explain conflicting residual moveouts among CIGs of different azimuths from TTI imaging. A more general anisotropic model, tilted orthorhombic (T-ORT), is needed to cope with azimuthal velocity variation in these complex geological settings.
Instead of five parameters in a TTI model, a T-ORT model has nine parameters (Tsvankin, 1997) (Figure 1 ). Deriving a set of reliable T-ORT parameters is a challenging task. Recently, ray tracing (Han et al., 2012) , Kirchhoff and beam migration, and Reverse Time migration (RTM) have been developed to handle T-ORT anisotropy (Zhang and Zhang 2011 , Xie et al., 2011 , Han and Xu, 2012 .
In this paper, we focus on three topics: 1) the T-ORT ray tracing, which is the foundation of ray-based migration and tomography; 2) the procedure to generate an initial T-ORT depth model (V 0, ε 1 , δ 1 , ε 2 , δ 2, δ 3,  θ, ; 3) the T-ORT tomography. At the end, a multi-azimuth data example in the Perdido fold belt, deep water GOM, shows the validation of the velocity model building for T-ORT depth migration, which yields improved flatness in CIGs among azimuths and consequently enhances subsurface images in the fold belt.
Tilted Orthorhombic Ray Tracing
In the orthorhombic system (Tsvankin, 1997) , the relationship between stiffness tensor σ ij and strain ε ij can be represented by the Thomsen parameters in the acoustic case: 
where ρ is the density, assumed to be locally constant because it does not affect the propagation traveltime (phase term of Green's function), ν 0 is the velocity along z direction, which is assumed to be the slowest propagation direction. ε 1 , δ 1 are defined in symmetry plane [y, z] , and ε 2 , δ 2 are defined in symmetry plane [x, z] . Without loss of generality, we assume ε 1 > ε 2 . Following the quasi acoustic approximation (Han and Xu, 2012) , the Hamilton equation is represented as
where λ p is the eigenvalue of orthorhombic characteristic matrix for P wave and ) , , (
is the slowness vector, which is specified in point
Orthorhombic kinematic raytracing equations system can be established by integrating this Hamiltonian system:
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In tilted orthorhombic media, the transformation system between the physical coordinates and the rotated coordinates can be defined as the equation (4) 
As in conventional TTI, θ and φ are defined by the rotation of the vertical axis at each spatial location.  is the rotation angle of the elastic tensor in [x', y'] plane, which is identical to the angle between the crack orientation and the (arbitrarily chosen) y' axis. (x, y, z) are the spatial coordinates in physical coordinates and
are the coordinates of the same point in the rotated system, which now has the orthorhombic symmetry planes aligned with the coordinate axes.
Estimation of Initial Tilted Orthorhombic Model
The derived T-ORT ray tracing (Equation 3) is applied to obtain traveltimes for prestack Kirchhoff or Beam depth migration, which also provide necessary tools for T-ORT tomography. There are nine inter-dependent parameters to be determined for the T-ORT model, of which V 0, ε 1 , ε 2 and are the most sensitive to T-ORT ray tracing. Here, we describe how we initialize the T-ORT model. We start from conventional TTI model building.
With the MAZ data, a TTI model (V 0 , ε 0 , δ 0 , θ 0 ,  0 can be obtained after several iterations of TTI tomography. In the T-ORT media, the moveout discrepancy on CIGs among different azimuths will be observed. A TTI tomographic update (only V 0 update) for each individual azimuth (one TTI model per azimuth) is performed. Flat CIGs can be achieved with the individual V 0 (β), where β represents one azimuth in the subsurface I(θ, Φ) as shown in Figure 2 .
In the subsurface T-ORT plane [x', y'], the velocities and should locate on an elliptic velocity system for each individual azimuth. In order to fit them to the elliptic system, a residual function χ is defined as:
where V 0 , ε 1 , ε 2 are the initial anisotropic parameters. By minimizing the sum of each azimuthal χ(β), the initial V 0 , ε 1 and ε 2 can be obtained. The direction of fastest velocity (α) is solved by an iterative method. First divide the target angle zone (such as [0, π)) evenly into small subdivisions, then set  as the center of each subdivision, rotate the system by , calculate the residual χ, and then choose the smallest one to be the target angle zone for the next iteration. After the length of the target angle zone is small enough, we obtain the initial α as well as V 0 , ε 1 and ε 2 . At least three azimuths of data are needed for estimation of initial T-ORT model.
With the same elliptic fitting method used to derive ε 1 and ε 2 , δ 1 and δ 2 are obtained. δ 3 can be derived by the acoustic approximation in the orthorhombic system (Tsvankin, 1997) and (θ, are inherited from the TTI model. At this stage, we have obtained initial models for the nine T-ORT attributes (V 0, ε 1 , δ 1 , ε 2 , δ 2, δ 3,  θ, .
Tilted Orthorhombic Tomography
By the implementation of the orthorhombic ray tracing in Equation (3), the T-ORT migration is performed with the initial models to generate MAZ CIGs, based on which the residual curvatures are picked. In orthorhombic media, slowness in direction , , can be calculated using the formula
where is a unit vector in the target direction; A, B, E, K, and L are defined as before (Equation 3).
Similarly to the method used in VTI and TTI tomography, we set up a sparse linear system based on the invariant of travel time:
Here ∆ is the difference between the picked event depth and the true depth, and is the length of the ray in each cell of the velocity model. T-ORT model updates (V 0 only ; ε 1 ,ε 2; or V 0 , ε 1 , ε 2, ) are obtained by solving this linear system. If there is any well information available, this information, such as mis-tie, can be incorporated to constrain the T-ORT tomographic output.
Application
We apply the T-ORT model building methodology to an area in the Perdido fold belt in the northwestern GOM. Using the MAZ data, we start with three iterations of TTI tomography. Conflicting residual moveouts on CIGs are observed in the faulted areas of the fold belt. At the location in Figure 3 With the results of TTI tomography from each azimuth, we derive the initial T-ORT model, perform T-ORT tomographic velocity update and produce the final model ( Figure 4 ) and image ( Figure 5) . In Figure 4 , we can notice that T-ORT tomography produces a smoother V 0 field than that of TTI, which shows a leakage of the azimuthal anisotropy components into the TTI velocity field. Resulting from T-ORT tomography, the direction of fastest velocity (is approximately 155° at surface, which is consistent with the dominant direction of the regional stress field. After the tomographic estimation of anisotropic parameters (ε 1 , δ 1 , ε 2 , δ 2 ), we found that ε 1 is about 18% near the area of faulted structure, and ε 2 is about 10%. In Figure 5a and 5b, we compare the CIGs from TTI tomography and T-ORT tomography. Clearly, T-ORT tomography improves gather flatness and reduces the inconsistent residual moveouts among the four azimuths. On the stacked PSDM image, we observe that T-ORT imaging improves the focusing of steeply dipping events, the fold structure and fault positions (Figure 5c and 5d) .
Conclusion
Multi-azimuth and wide-azimuth acquisitions provide new opportunities for deriving more realistic anisotropic models to describe data for all azimuthal sectors. By introducing the T-ORT ray tracing, we develop a T-ORT depth model building flow and apply it to an MAZ dataset in the Perdido fold belt, GOM. Compared to TTI imaging, orthorhombic imaging can reduce the inconsistent residual curvatures in CIGs for all the azimuths, and provides better focusing of the structural events in the fold belt.
